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Abstract: Synthetic retinoids, ligands for the RAR and RXR members of the 
steroid/thyroid supcrfamily of nuclear hormone receptors, arc used for the treatment 
of psoriasis, acne, photoa^rng and cancer. Retinoid mechanisms of action for these 
conditions largely involve effects on epithelial differentiation and modulation of 
inflammation with, some impact on (he immune system. Retinoid medicinal 
chemistry in recent years has identified ligand* highly specific for one of the three 
RAR subtypes (RAR-a) and f or the RXR family of receptors, as well as antagonists for the RARs, 
RARaand the RXRs. Structure-activity relationship* among the novel retinoid classes are reviewed along 
with potential therapeutic activities and side effects. RAR-a specific retinoids inhibit cancer cell growth 
but lack other retinoid toxicities, including skin irritation now ascribed to RAR-y. RXR -specific retinoids 
lower blood glucose in animal models of type 2 diabetes albeit with a potential for mild hypothyroidism. 
Function-selective retinoids, especially a class of RAR antagonist* called inverse agonisu. have 
unexpected gene regulatory activity. Given the diverse properties and ussuc distributions of the retinoid 
receptors, synthesis of additional classes of- receptor-specific and function-selective ligands has the 
potential to produce novel therapeutic applications. 



1. INTRODUCTION 

Retinoids are naturally occurring and synthetic 
derivatives of retinol (Vitamin A) which bind one or 
more of the six RAR and RXR nuclear receptors 
for all trans rerinoic acid 1 (ATRA) and 9-cis RA 2. 
Retinoids have a remarkable range of activities and 
regulate, among other things, embryonic 
development, bone formation, cell differentiation 
and proliferation, glucose and lipid metabolism, 
carcinogenesis, and immune function. They have 
an equally impressive range of clinical applications. 
Current retinoid therapies include: (1) treatment 
success rates of >6G% in the severest form of 
inflammatory acne, nodulocystic acne, following a 
single 3-4 month course of oral 13-cis RA 
(isotretinoin) 3 [1]; (2) differentiation of the rare 
neoplasm, acute promyelocytic leukemia (APL), by 
ATRA, resulting in ~85*fc complete remission with 
follow-up cytotoxic chemotherapy [2]; (3) 
significant improvement in psoriasis with the oral 
retinoids etretinate 4 and acitretin 5 and a topical 
retinoid (tazarotene 6), providing significant 
improvement and long-term remission in stable 
plaque psoriasis [31; (4) prevention of second head 
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and neck cancers by 1 3-cis RA after treatment of an 
initial carcinoma [4]; (5) topical therapy of acne 
vulgaris using ATRA, tazarotene, or adapalene 7 
[5]; and (6) reversal of histological and 
morphological changes to skin due to UV-mediated 
long-term photodamage with ATRA (6). RXR- 
selective retinoids such as LG 1069 8 and LG 
100268 9 are also predicted to be therapeutically 
useful in treatment of diabetes based on their blood 
glucose lowering effects in animal models of the 
disease [7,8]. Limiting retinoid dosage are receptor- 
mediated adverse effects that include irritation and 
inflammation to skin and mucous membranes [9], 
elevation of serum triglycerides [10], dysregulation 
of bone formation and resorption (11 J, headache, 
hypothyroidism [12], and fetal malformations [13]. 
One goal of retinoid medicinal chemistry is the 
design of ligands selective for individual retinoid 
receptors which will have a narrower range of side 
effects while maintaining specific therapeutic 
retinoid activities. A second goal is to design 
"function-selective" retinoids, compounds that are 
antagonists or partial agonists and have novel gene 
regulatory properties and hence new therapeutic 
applications (14-16}. 
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2- THE RETINOID RECEPTORS 

The pharmacological targets of all-trans and 9- 
cis RA t the retinoic acid receptors (RAR-ct, 0, and 
Y) and the retinoid X receptors (RXR-a, p, and 7), 
are DNA binding proteins that regulate gene 
transcription in response to ligand binding- Their 
structures are similar to other members of the 
nuclear receptor superfamily that includes the 
steroid and thyroid hormone receptors [17]. All of 
the receptors have a modular structure with distinct 
domains for DNA-binding, ligand binding and 
activation of gene transcription. Despi te these 
similarities, the RARs and RXRs differ in several 
very significant ways. All-trans RA and its isomer 
bUld * c RA Rs with high affinity (K D ~ I 
AM), whereas the RXRs bind only 9-cis RA 



[18,19]. The two receptor types also differ 
markedly in their mechanisms of DNA binding and 
regulation of gene transcription. The RARs do not 
bind DNA alone, but must form a 1:1 complex with 
an RXR. This hetcrodimer recognizes a direct 
repeat of a 6 base-pair DNA sequence motif with a 
2 or 5 base pair spacer (DR2 and DR5) that is 
found in the promoter of many retinoid-inducible 
genes (17,20]. The RXR partner of the RAR/RXR 
complex appears to be inactive in vivo and in 
normal cell cultures since RXR-specific ligands 
cannot replicate the activities of RAR-specific 
ligands {10,21-24]. In certain cultured cells, 
however, the full response to all-trans RA can only 
be obtained if ligands specific for the RAR and 
RXR receptors are added simultaneously, 
indicating that RXR can be activated if the RAR 
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partner is occupied [20,25], RXR-specific ligands 
have significant in vivo activity unrelated 10 the 
RARs, including iowering of serum glucose and 
triglycerides in diabetic animals and induction of 
som enzymes of lipid oxidation [8,26,27]. The 
metabolic effects of RXR ligands probably occur 
through one or more nOn-RARTRXR heierodimcn;. 
RXRs are required heterodimeric partners for a 
growing list of nuclear receptors, including thyroid 
receptor (TR), PPAR-a and PPAR-y which 
regulate lipid metabolism, and the oxysterol 
receptors LXRa and FXR which regulate 
cholesterol metabolism [2801). Two examples of 
heterodtmeric partners for RXR which transduce 
RXR hgand action efficiently, in contrast to the 
RARs, are PPAR-y, which is a receptor for the 
thiazohdmedione (TZD) class of drugs that lowers 
blood glucose in diabetics f32), and PPAR-a 
which induces fatty acid ^oxidation [28,33]! 
Although RXRs can form homodimers in vitro. 
they are generally associated with other 
heterodimeric partners in vivo [34]. The diversity 
of RXR heterodimecs that respond to RXR ligand* 
suggests that there may be a wide range of 
therapeutic modalities for RXR ligands [35] 



a. Tissue Distribution and Function 

The critical assumption behind a strategy of 
receptor-selective drug design is that each of the 
RARs and RXRs have distinct physiological 
functions. This is well substantiated by differences 
in tissue distribution and function of the receptors 
[17,36-39]. For example, RAR-oc is present in the 
majority of tissues while the distribution of RAR-p 
and y is more selective [40]. In epidermis, RAR-y 
is the most highly expressed whereas RAR-a is 
present at much lower levels and RAR-p is 
essentially absent [17,41], and these findings 
correlate well with the observations that major 
reiinoid-mediaied effects in epidermis (irritation and 
hyperplasia) are mediated by ligand binding to 
RAR-y [42,43], RAR-y is also expressed in 
developing bone while RAR-fJ is strongest in 
surrounding mesenchyme, suggesting dual roles 
for retinoids in skeletal development [40], RAR-p 
is also highly expressed in several tissues such as 
lung where it may function as a negative regulator 
of neoplasia [44,45]. Equally significant disparities 
are observed in the distribution of the RXRs. RXR- 
P is the most widely distributed, whereas RXR-a 
is expressed predominantly in liver, intestine and ■ 
15 the major RXR in skin [17]. RXR-y is move 
selectively expressed in muscle and certain parts of 
the brain and pituitary [38,46], Homozygous 
knockouts for the individual receptors are generally 
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viable except for RXR-a null mutants which die in 
utero due to defects in the heart [47] sueeestinVa 
large degree of overlapping function between 
receptors in the knockout animals. Some specific 
defect in the null mice are of interest. RAR-v null 

T£nu. e C ^ enSive S , keIetaI defccts a " d squamous 
metapteia of several epithelia. corresponding to 
effects of Vitamin A deficiency. A separate 
symptom of Vitamin A deprivation, inhibition of 
spermatogenesis [47 j. is observed in RAR-a 
knockout irnee . RAR-0/RXR-a double knockouS 
have defects in spatial learning [38J and RAR-6 
null mice crossed w,th RXR0 0 r RXRa knockout 
have defects in locomotion that may be related to 
the reduced expression of dopamine receptors f481 
suggesting (hat some selective retinoids may 
potentially alter neuronal signaling capacity in 
pathological conditions. Gene transfection studies 
also suggest that individual receptors can have 
distinct activities even within the same cell For 
example, the individual subtypes of the RARs or 
KAKs show quantitatively different patterns of 
induction of gene expression when compared at 
multiple promoters [39]. These differences are 
ascribed to the N-terminal activation funcrion. 1 
( u ^X? mains of the rece Ptors, which, in contrast 
to theDNA- and ligand-bindmg domains, are quite 
distinct among the members of each receptor family 



b. Receptor Co-Regulatory Factors 

Comparative X-ray crystallographic studies of 
me ligand binding domains of (unliganded) RXR-a 
(apo-RXR) and of holo-RAR-y (with ATRA 
bound) demonstrate that ligand binding produces a 
profound conformational change [50]. The 
conformational change reorients helix 12 of the 
ligand-binding domain so that its activation 
function-2 (AF-2) region, which is required for 
ligand-dependent induction of gene expression, can 
bind one of several transcriptional co-activators 
[51]. Transcriptional co-activators of the 
homologous pi 60 family, SRC-l/NCoA-l 
TIF2/NCOA-2. and pClP/ACTR, bind the AF-2 
loop of several members of the nuclear receptor 
family through motifs containing the consensus 
sequence LXXLL [52]. These co-activators also 
express histone acetyl transferase (HAT) activity, 
which relaxes chromatin structure by acetylation at 
lysine residues as a prerequisite for binding of 
cellular transcriptional machinery. In addition to the 
, of L H AT activit y- an earlier displacement of 
linker HI histones must be achieved in order to 
effect an unfolding of the compact chromatin 
structure. We have recently shown that RARs 
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interact in a ligand-dependent manner with high 
mobility group protein-I (HMG-I) which is known 
to displace HI historic from chromatin [53]. These 
findings suggest a general stepwise mechanism by 
which transcription factors such as RARs can cause 
an unfolding of compact chromatin by recruitment 
of HMGs and then HAT aciivity. Two 
transcriptional co-repressors, N-CoR and SMRT 
[54,55], are released upon ifgand binding to RARs 
and RXRs. These have highest affinity for the 
receptors in their unliganded state and bind along 
a-helix 1 of the RAR Hgand-binding domains. In 
contrast to the co-activators, the co-repressors 
recruit the histone de-acetylase activity, mSin3A 
[56]. a homologue of a ycasc global repressor of 
transcription and a functional elemem of many other 
transcriptional repression complexes. These data 
suggest that chromatin remodeling by selective 
histone modification is a key step in RAR and RXR 
modulation of gene expression. For the purposes of 
drug design, it is intriguing that certain ligands 
which bind equally well to the isolated LBDs 
(ATRA and 9-cis RA in the case of RAR-a) are 
reported to discriminate among interacting co- 
factors, such as SRC-I [57], suggesting that, 
depending 6n the tissue specificity of co-factor 
expression, functional selectivity may be obtained 
among agonists. 



Chandfafataa wt at. 




Polar hcikl £*r>up C 

Polyotefi nic i«ihcr region B 
Hdrophobic ring A 

F'g- (I). AK-^an^-rciinoic acid. 

cyclohcxenyl ring and the carboxylic add. An early 
example of a conformational^ restricted analogue 
of ATRA with potent RAR panagonist activity is 
the stilbene-based retinoid TTNPB 10 [61]. The 
tether region in this molecule is a doubly bonded 
two-carbon unit. The tetramethyl tetralin unit 
constitutes the hydrophobic region and the 4- 
substituted benzoic acid moiety contains the polar 
he3d group. The irans-double bond of the tether 
region corresponds to the 9-trans-doubIe bond of 
retinoic acid, hence the observed similarity to 
ATRA in receptor binding profile. The tether region 
is very important in determining the subtype 
selectivity of compounds as well' as for RAR vs 
RXR specificity as will be seen in (he following 
sections. " ° 



^ S£k ECTIVE AGONISTS AND 
ANTAGONISTS OF THE RARS AND 
RXRS 

Several conformational^ restricted analogues of 
ATRA have been made with significant success in 
achieving subtype as well as function selectivity at 
RAR. RXR specific compounds have also been 
synthesized, and some were characterized 
essentially simultaneously with the identification of 
KW-retinoic acid 2 as the putative hormone for the 
RXRs [58-60]. Tbe t following sections outline 
some of the structural requirements for individual 
RAR subtype selectivity and the structural 
differences between RAR and RXR selective 
ngands from systematic structure-activity 

!«°51 hip < SaR > studies with the individual RAR 
and RXR receptors. 

*• RAR Agonists 

The structure of ATRA can be divided into a left- 
"*ngl hydrophobic region A comprising a 
cyclohexenyl nng. a polyolefinic chain B arid a 
polar head group C (Fig. 1). The polyolefinic chain 
can be viewed as a tether region between the 
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(i) RAR- p, Y Selective Retinoids 

The 6-substituted 2-naphthoic acids II and 12 
were shown to activate gene transcription at RAR-B 
and y but not ai RAR-a [62]. Other examples of 
such compounds are the bisnaphthalene derivative 
13 [63] and the anthracene-like analog 14 [641 
Modification of the left-hand lipophilic portion of 
the bisnaphthalene retinoid 13 led to the discovery 
of compounds 15-16, 7 and 17-19 (Table 1) that 
were cither RAR-p or RAR-y selective [65]. The 4- 
nydroxy substituted derivatives 17-19 are RAR-y 
selective with increasing binding affinity at RAR-y 
as the hydrophobic group at the 3-position 
increases in si2e from a r-butyl group to a 1- 
adamantyl group. On the other hand, the 4-methoxy 
substituted derivatives 15-16, 7 are moderately 
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RAR-3 selective. The 4-me(hoxy substituted A scries of acetylenic retinoids 20-24 and the 

retinoid 7 (CD 271, adapalene), in currently esters 25 and 26 kept the cyclohexenyl ring of 

marketed as a topical agent for the treatment of ATRA intact while varying the tether to a ngid 

acne - acetylene and the right hand portion to various 
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aromatic carboxylic acids (Table 2) (66]. Although 
these analogs have significant binding affinities to 
all three RARs (data not shown), they activate gene 
transcription primarily through RAR-0 and v. It can 
be seen that the pcro-linked benzoic acid is optimal 
for activity and that the pyridine carboxylic acid unit 
minimizes any residual activity at RAR-a. The 
cyclohexenyl ring along with the 7,8-doubIe bond 
in ATRA was further modified to the reduced 
aromauc/heteroaromatic ring system containing 
acetylenic retinoids 27-38 that are all RAR-0, y 
r*ft£ Ve in tr * n $activation assays (Table 3) 
107,681. From the data in Table 3, it can be inferred 
«*t lipophilic groups at either the (M or C-4 
position of the retinoid skeleton seem to suffice for 
£AR activity although substitution at both positions 



ls to an increase in potency. 



Tazarotene (6) (AGN 190168) [22,67,69], an 
RAR-p,y selective acetylenic retinoid, was chosen 
for development as a topical agent for psoriasis and 
acne and is currently the only topical retinoid 
approved for the treatment of psoriasis. Us topical 
JlLvm activity has been characterized by inhibition 
of 12^0-tetradccanoyl phorbol-13-acetare (TPA)- 
induced ODC (ornithine decarboxylase) activity in 
hairless mouse epidermis, and it is more potent than 
ATRA ; acieretin, and adapalene (Table 4) (24,68]. 
ODC is a critical enzyme that is involved in 
polyamine biosynthesis £70J and its levels arc 
elevated prior to a hyperproliferative response. In 
diseases that are characterized by hyperproliferation 
such as psoriasis, ODC inhibitors should be of 
therapeutic value. Tazarotene is an ethyl ester 
prodrug and these ester derivatives exhibit better 
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therapeutic indices in the skin relative to their free 
carboxylic acids (compare tazarotene and 
tazarotenic acid in Table 4) considering that both 
compounds produce equal topical irritation in 
hairless mice. Other features of tazarotene arc also 
significant. The pyridine nitrogen was introduced to 
aid rapid metabolic hydrolysis Co the free acid [71], 
thus preventing the accumulation of the lipophilic 
ester in fatty tissue and avoiding the extended 
elimination half-life that is characteristic of retinoid 
esters such as etretinate (72). The sulfur atom in the 
left-hand lipophilic portion was introduced to 
enable facile systemic oxidation to inactive 



sulfoxide 39 (AGN 190844) and sulfone 40 (AGN 
190843) forms [73]. 

(ii) RAR-a Specific Agonists 

The internal amide series of compounds 
exemplified by Am 580 (41) and Am 80 (42) [74] 
were synthesized by Shudo et aL, and the RAR*a 
selectivity of these compounds was demonstrated 
subsequently [75]. The introduction of the 
hydrophilic amide linkage would be expected to 
destabilize the interaction at all three RARs but 
decreased binding is observed only at RAR-0 and 
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RAR-y. The hgand-binding residues identified in 
the crystal structure of RAR-y bound to ATRA [501 
include an alanine in helix-3 of the ligand-binding 
domain and this is* replaced by a .serine in RAR-a 
* ff£ ne Mn imer ««' with the amide linkage of 
Am 580/Am 80 by hydrogen bonding, thereby 
providing a rationale for the observed RAR-a 
selectivity of these analogs [76]. 

Highly RAR-a specific amide derivatives such 
as 43 (AGN 193835) and 44 (AGN 193836) [77] 
were subsequently synthesized. As seen in Table 5 
introduction of the fluoro group onho to the 
oTj? xy,lc acid leases * e binding affinity at 
KAR-a without effecting any binding at RAR-0 
*"» Y- Introduction of a second fluoro group 
onhances the a/p selectivity to 2000 fold. 



41: Am 580 




COOH 



42: Am 80 



Interestingly, the affinities of 43 and 44 for RAR- 
a are slightly higher than of even the natural 
hormone ATRA. 
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(Hi) RAR-fi Selective Agonists 

RAR-0 selective agonists that function as 
antagonists at RAR-a and y were reported but their 
chemical structures were not disclosed [79]- The 2- 
thienyl substituted dihydronaphthalene retinoids 
45-47 also activate gene transcription only through 
RAR-3 [80] while binding to ail RARs (Table 6). 
The tether region is varied from the acetylenic unit 
in 45 to the amide linkage in 46 and the ester 
linkage in 47. In compound 46, although the 
amide linkage selects for binding affinity at RAR- 
a, the 2*thienyl group determines the 
transcriptional activity resulting in an RAR(J- 
specific txansactivator. These analogs are partial 



agonists at RAR-$ and antagonists at RAR-a and 
Y- 

(iv) RAR-y Selective Agonists 

The analogs 48 and 49 [81], showed good 
RAR-y selectivity in terms of binding and moderate 
RAR-y selectivity in the transcriptional assay as 
seen in Table 7. The previously discussed retinoid 
19 is moderately RAR-y selective in binding and 
this selectivity is retained in transactivation assays. 
The compounds 51-53 were also found to be 
RAR-y selective [82,83] and their receptor binding 
and transactivation data are summarized in Table 8 
[84]. 



Table 6. Binding Affinities and Transactivation Data for RAR-J3 Sclectives 
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A third series of a-hydroxyacetamide-Iinked 
retinoids 54-57 [85,86] are shown in Table 9 
These compounds have a common 3-atom tether 
and also a common tetramethyl tetralin for the 
hydrophobic unit. Compound 54 (BMS 188961) 
which has a fluoro substituent on the benzoic acid 
is the mast potent RAR-y agonist, although it has 
partial agonist activity at RAR-0 (35% of the 
maximum transactivaiion at a l^M dose) The 
chlorosubstituted analog 55 is quite potent and is 
the most selective RAR-y agonist. 

b. RAR Antagonists 

A variety of RAR antagonists have been reported 
in the literature. The first examples were 
compounds 58 and 59 [87], both of which 
antagonize ATRA-induced HL-60 cell 
differentiation [88] at concentrations roughly 100- 
fold tn excess of the ATRA concentration used A 
senes of N-$ubstituted pyrrole and pyrazole ring 
containing compounds exemplified by 60 and 61 
[89] were also found to display retinoid antagonist 
activity m the HL-60 cell differentiation assay and 
were found to be the most potent antagonists in 
their class with IC50 values in the nanomolar range. 
The anthracenyl retinoid 62 is inactive in the RAR 
transcriptional assay and antagonizes transcription 
induced by ATRA effectively [90,91]. Mechanistic 
studies showed that it functions as an antagonist by 
XUl\ Ung f ° r thC rcceplor bindiQ 8 sites with 



cn.X. i" atl ° scruct " rc -^tivity relationship (SAR) 
studies demonstrated that introduction of a toluyl 

2 r K°w P aC ^^ e Cml Position of the 
dihydronaphthalenyl acctylenic skeleton imparts 
KAK antagonistic property to compound 63 [92] 
While compound 63 (AGN L93109) has very high 
binding affinities (K« = 2-3nM) to the RARsJt has 
absolutely no activity in RAR transcriptional 
assays. Furthermore, it inhibited the gene 
transcription activity induced by ATRA in a dose- 
responsive manner (Table 10). At a concentration 
10-fold in excess over ATRA, compound 63 was 
able to totally abrogate transactivaiion at all three 
RARs. The effect of substituents on the C-l aryl 
ring was examined and the binding affinities for the 
compounds 64-77 are shown in Table 11. With 
the exception of compounds 64. 65 and 71 (AGN 
193840), which are partial agonises at RAR-fr all 
the other compounds were totally inactive in 
activating gene transcription at the RARs and 
functioned as antagonists of ATRA-induced RAR 
transactivaiion. The data in Table 1 1 points to three 
main observations. Firstly, the mi/i-substituent on 
the C-l phenyl ring is detrimental to binding at the 
RARs. Secondly, the size rather than the polarity of 
the rwrra-substituent appears to be of relevance to 
RAR binding since the para-chloro , 
trifluoromethyl, ethyl and methoxy substituted 
analogs have similar binding affinities. Thirdly, the 
RAR-a and RAR-y receptors appear to be more 
sensitive to changes in substituents on the C-l 
phenyl ring. 
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Table 11. Binding Affinities 1 of RAR Antagonist* of the DihydronapMhal^ & . 
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The dihydronaphthalene unit in the compounds 
63-77 as well as the pendant aromatic groups were 
changed in a variety of analogs and of These, 
compounds 78 (AGN 194310) and 79 were found 
to be the most effective RAR antagonists [14]. The 
RAR antagonists 63, 78 and 79 were evaluated for 
their ability to inhibit TTNPB-induced topical 
toxicity and these results are summarized in Tabic' 
12. It can be seen that when these compounds are 
used in an 8-fold excess over TTNPB, (hey arc able 
to completely abolish the retinoid agonist induced 
toxicity. 



Table 12. At Various AntagonUt-TTNPB 
Ratios 1 , Percent Inhibition 1 of 
TTNPB Induced Cutaneous Toxicity 
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(i) RAR-subtype selective antagonists 

There arc only two reports on RAR subtype 
selective antagopists. The stilbene analog 80 
[93,94] is an RAR-a selective antagonist However 
it has to be used in 1000-fold molar excess in order 
to eliminate the transcriptional response of ATRA. 
The second series of RAR-a antagonises 81-85 
were developed by incorporating the structural 
features necessary for RAR antagonism in 
compound 63 [95] and features responsible for 
RAR-a binding, namely an amide linkage in the 
tether region. Of these, compounds 84 and 85 
were the most effective antagonists at RAR-a, 



abolishing the response of ATRA at RAR-a when 
present in one-tenth or cquimolar concentrations, 
respectively, to thai of ATRA. 

(it) Neutral antagonists vs Inverse 
agonists 

The concept of inverse agonism originated in the 
G-protein-coupIed receptor area, where an inverse 
agonisi repressed the basal activity of an unliganded 
receptor [96.97). The proposed model for inverse 
agonism envisages an equilibrium between 
spontaneously active and inactive receptors in the 
absence of a ligand [98]. Inverse agonists shift this 
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equilibrium towards inactive receptors whereas 
agonists shift it towards active receptors. A neutral 
antagonist has no effect on this equilibrium, but 
competitively inhibits both agonist as well as 
inverse agonist induced changes in equilibrium. A 
general model for nuclear receptors proposes an 
equilibrium between the unliganded receptor and 
co-activator and co-repressor molecules (291 
Receptor agonists shift the equilibrium to a co- 
activator bound receptor thereby increasing the level 
of gene transcription, while inverse agonists lead to 
a co-repressor bound receptor resulting in a 
decrease in basal transcriptional activity [15.161. 

The diary! acetylenic retinoid antagonists 63, 
64, 71, 72 and 73 were evaluated for their ability 
to inhibit the basal transcription of a chimaenc 
RARy-VP-16 [151 Vp-16 is the constiiutively 
active traitsactivation domain of the herpes simplex 
virus (HSV) and confers a high level of basal 
activity to RARy-VP-16. AGN 193109 (63), 
compound 72 and compound 73 function as 
inverse agonists by repressing the strong 
transcriptional activity of the VP-16 transaciivation 
domain. In contrast, although compounds 64 and 
71 (AGN 193840) are potent and effective 
antagonists of ATRA at RAR-y, they do not 
transrepress RARy-VP-16. These compounds 
therefore are neutral antagonists.. The inverse 
agonists have bulky substituents such as the 
methyl, trifluoromethyl and chloro group at the 4- 
position of the phenyl ring whereas the neutral 
antagonists have relatively smaller hydrogen and 
fluorine atoms at the same position. The neutral 
antagonists can antagonize both the transactivation 
effects of agonists and the transrepression effects of 
inverse agonists in a dose-responsive manner 
[15,16], 

The inverse agonist AGN 193109 (63) was 
found to inhibit the skin toxicity, splenomegaly and 
weight loss induced in mice by topical and oral 
treatment of TTNPB (10) [99) in regimens 
involving co-treatment as well as pretreatment. 
Retinoid antagonists thus have the potential to 
alleviate clinical retinoid agonist-induced toxicides 
AGN 194310 (78), a potent antagonist, is 
presently in pre-clinical development as a topical 
antidote for systemic retinoid induced toxicity and 
for the topical treatment of inflammatory skin 
conditions. 

MRP-8 (migratory inhibition related factor) is a 
marker of abnormal differentiation that is present in 
high levels in psoriatic skin, but is absent in normal 
human skin. In cultured human keratinocytes, RAR 
panagonists like TTNPB and RAR-3.Y selective 



Current fhnrm^suiUal 0****. ^ Vq( 4 ^ ; 



3* 



agonists such as ta2arotene mhikii * 
MRP.x n?i . nniblt toe expression of 

AGN 193109 JST* ng y " ? C inverse a *°nisr 
nun jyjiuy (63) was a , SQ f a 

expression of Mrp ft ~ i I " niDU 106 

•n significant excess (16). This study S ? 
S' overlapping mechanisms for the MRpS 
.nh.buory ability of the two classes an d implicates 
RAR-y as the common receptor. Support for the 
involvement of RAR-y stems from the 
predominance of RAR ;Y subtype in cultured human 
keratinocytes and the fact that .he RAR-ct selective 
agonist AGN 193836 (44) has no effect on MRP-8 
expression in cultured human keratinocytes. MRP- 
8 regulation can be used as a predictive assay for 

SfcfS^w ™ noids in Psoriasis. Since AGN 
ISUIW (63) inhibits the expression of MRP-8 
there is potential for the use of RAR inverse' 
agonists m the treatment of psoriasis. 

The RAR panagonist TTNPB (10) suppresses 
the proliferation of the human papilloma virus- 
immortahzed ectocervica] cell line ECE16-1 with a 

f?™^*" 1 increas * "» RAR-p mRNA levels 
[I00J. The inverse agonist AGN 193109 (63) was 

^ n £r, to ,. inhibit these effcc « induced by 
TTNPB However, it did not possess any intrinsic 
anu-pro iterative activity in these cells. In the same 

C £h ^' e «F NPB inhibited MRP-8 expression. 
AGN 193109 induced MRP-8 expression. These 
and earlier observations indicate that the agonisc- 
invcrse agonist relationship can be gene and cell 
type specific (16). 

c. AP-1 Antagonism at RAR 

Retinoids arc able to repress gene expression by 
antagonizing the activity of other transcription 
factors such as AP-1 [68,101] and NF-1L6 (nuclear 
factor-interieukin.6) fl02). Through these negative 
regulatory pathways, metalloproteinases, 
cytokines, and certain other genes involved in cell 
proliferation and inflammation, are repressed by 
retinoids. AP-1 is an oncoprotein that is involved in 
hyperproliferative and inflammatory responses in 
diseases such as psoriasis and arthritis and may 
have a function in tumor metastases [101.103-105]. 
Retinoids which separate inhibition of AP-1 activity 
from receptor transactivation, have been previously 
reported [68,106], but so far no clear structure- 
activity relationships have emerged for this 
functional separation. 
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d. RXR Agonists 

The first report on a scries of compounds that 
activated the RXR-RXR homodimers was 
published in 1992 [60). The subsequent synthesis 
of radiolabeled 9-cis-RA led to the rapid 
development of numerous additional RXR Ugands 
[107). The isosteres for the 9-<rtr-double bond of 9- 
ci>RA 2 that have been successfully incoiporated 
so far fall into two categories. The first category 
consists of single atom bridged compounds such as 
the sp 3 carbon bridged arodnoids SR 11237 (86) 
[60] and the more recent LC 100268 (9) [108), the 
sp 2 carbon linked Targretin (LG 100069: 8) [109] 
and the sulfur atom bridged retinoid 87 (AGN 
192849) [110]. The second category consists of 
compounds that have rings of various sizes with the 
formal 9-cis double bond incorporated into the ring 
exemplified by the potent RXR agonist 88 [111). 
More recently, analogs, of 9-cis-retinoic acid such 
as 89 that have a fluoro group at the 10-position 
and a tetrahydroquinoline left hand unit have been 
synthesized and shown to be potent RXR agonists 
[112]. 

(i) The <x~Mtthyl Effect 

TTNPB, a stilbene derivative, is a potent RAR 
agonist with absolutely no affinity to or activity at 
the RXR receptors. When a methyl group is 
introduced on the tetralin ring at the 3-position, 
however, the resulting compound 90 is endowed 



Chandr&raina et ai, 

with significant gene transcriptional activity at 
RXR-a, at the expense of activity at the RARs 
(113]. In order to rule out the possibility that the 
RXR activity could be attributed to a metabolite 
resulting from the oxidation of the 3-methyI group, 
other groups that are inert to oxidative metabolism 
such as the 3-bromo and 3-chloro groups were 
introduced. The resulting compounds are 
structurally similar to 3-methyI TTNPB (90). They 
had similar transcriptional profiles to that of 
compound 90 indicating that the conformational 
change effected by the a-subsiituem enabled them 
to activate gene transcription at RXR-a (Table 13) 
As can be seen in Table 1 3, the absence of the C-9 
methyl group also leads to a decrease in 
transcriptional activity at RXR-a. Another report 
probed the effect of introducing various lower alkyl 
groups at the 3- position of TTNPB [107J. 
Increasing the size of the group at the 3-position 
from methyl to ethyl led to a considerable drop in 
binding affinity to RXR-a (data not shown). Also, 
the effect of substituting the benzoic acid moiety in 
3-methyl-TTNPB with heteroaromatic carboxylic 
acids that also varied in the position of the 
carboxylic acid was studied [114). The orientation 
of the carboxylic acid was found to have a dramatic 
influence on the receptor profiles of these 
compounds (data not shown). From these results, it 
was proposed that a twist about the bond between 
C-2 of the tetralin and the C-9 carbon is responsible 
for the increased RXR and decreased RAR 
potency. 




COOH 



86: SR 11237 




COOH 




COOH 



37: AGN 192849 




COOH 



Fax en is par : 33 1 47567388 



L OREAL 



25/86/82 17:57 Pg : 18/35 



* Ut*»<ts 4/ Retinoid Rtctpion 



COOH 




Compound 98 was neiSlvV ,P T£ deM «W 

lh,^i «*<» linked retinoid Tarerecjn fsi t/i 
*• «« Potent RXR^ni^ r n ':°o^° f 



oxime ethers are equally active. There is a 
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f"J 9-cis-locked compounds 

-> ,? d " cis RA binds and ac, ' v aies both Rarj 
ana KXRs it is not a suitable compound for 
investigating RXR biology. Also, the isomerirmion 
or 9-cis RA to ATRA in experimental systems 
lurcher complicates interpretation of results. It was 
hypothesised that 9-c/j-ring locked compounds 
would prevent this isomerism and might also result 
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in compounds that are potent and specific at the 
RXRs. The cyclopropyl ring locked tetralin dicnoic 
acids 108-113 were synthesized for this purpose 
and their receptor data are summarized in Table 17 
[1 16]. The strategy was successful since compound 
108 is a highly potent and completely specific 
RXR agonist. Other groups have also reported on 
such ring-locked compounds [117). A key 
observation for these compounds is that unlike in 
the stilbene and diaryl sulfide series, the 



introduction of a methyl group at the 3-position of 
the tetrahn ring is detrimental to both the binding 
and transact! vation at the RXRs [116]. Another 
important observation from these series is that the 
optically pure dexiro rotatory isomer of compound 
108, namely compound 88, is nearly 100 times 
more potent than its levo rotatory counterpart [111]. 
The furan and benzene ring locked 9-cis analogs. 
114 and 115 [118], are also potent and selective 
RXR agonists (data not shown). 



Table IS. Binding and Transaction Assay Data for LC 100268 and LG 100069 
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Table 16. Binding and Transactivation A&say Data for Oximes and Oxime Ethers 

ROL 



C00H 




103-107 









Bindifij 


S affinity' 


K; (iiM) 




CC 50 <nM) 2 




X 


R 


RXRa 


KXU0 


KXR y 


RXRa 


KXR& 


RXR y 


103 


Me 


H 


6 


5 


5 


7 


14 


7 


104 


Me 


Mc 


9 


8 


S 


5 


10 


4 


105 


Br 


H 


12 


6 


57 


27 


32 


26 


106 


H 


H 


4234 


3363 


5051 


2955 


>I0 4 


2894 


107 


H 


Me 


>f000 


363 


558 


253 


207 


206 



awnptiiiW« *ndi«g 0fcpy utt 5 £ bactOovin.5 cxp#r«tt! RXki. = C«ro«sf«uo* i* CV-I cctts m&iXeetee with -j 



.m «presfcoo vecw for och cf (he RXRi, 




jRAT/? Antagonists 

The tetralin based trienoic acid 116 (JLG 
100754) was the first RXR homodimcr antagonist 
to be identified [119]. As is evident from Table 18 f 
two effects are observed as the alkoxy group at the 
3-position of the tetralin is varied from methoxy 
through ethoxy to n-propyloxy. Firstly, binding 
specificity to RXRs is increased, while the high 
binding affinities to the RXRs are retained. 
Secondly, transactivation at the RXRs decreases 
dramatically. In functional antagonism assays, 
compound 116 inhibited the transcriptional 
response of compound 8 (LG 1069) in CV-1 cells 
in a dose dependent manner with IC50S of 16, 28 
and 19 oM at RXRs^a. (J and y, respectively. At 
equimolar concentrations of the agonist 8 and the 



antagonist 116, RXR transactivation was inhibited 
by approximately 50%. 



4. RETINOID THERAPEUTICS: 
INDICATIONS, MECHANISMS, AND 
FUTURE USES 



a. Vitamin A Supplementation 

Vitamin A-deficiency is a major cause of 
mortality and morbidity in infant and child 
populations in underdeveloped countries. It is 
estimated that upwards of 250,000 children go 
blind due to Vitamin A deficiency each year [120], 
An additional consequence of Vitamin A deficiency 
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is increased susceptibility to childhockl infectious 
disease, including measles, diarrhea, and 
respiratory infection [120.121]. Vitamin A 
supplementation is a partially effective stop gap 
measure for affected children. Other forms of 
clinical malnutrition have an adverse impact on 
Vitamin A absorption and distribution, and 
therefore successful programs to eliminate the 
symptoms of Vitamin A deficiency have required an 



integrated approach to both nutrition and economic 
development [120). 

The sequence of events preceding blindness due 
to Vitamin A deficiency includes xerophthalmia, in 
which the corneal epithelium is unable to 
differentiate normally and becomes dry. scaly and 
susceptible to infection, and keratomalacta, in 
which the underlying stroma begins to liquefy and 
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become necrotic [122]. The reversal of normal 
corneal differentiation is typical of the effect of 
Vitamin A deficiency in many other epithelia. In the 
trachea and urinary tract, for example, as in cornea, 
differentiated epithelia are converted to a less 
specialized stratified squamous epithelium with loss 
of specialized function [123]. Xerophthalmia is 
readily reversible with Vitamin A supplementation, 
but if infection or corneal ulceration and scarring 
have taken place, vision can be permanently 
impaired or lost. Vitamin A deficiency also has a 
significant effect on immune function, and animal 
studies have demonstrated thai retinoids affect both 
lymphocyte development and antibody production 
[124]. Both of these activities of Vitamin A, control 
of normal epithelial differentiation and immune 
function, underlie retinoid therapeutic effects in 
dermatology and cancer. 

Retinoid action in several conditions, including 
acne [125], psoriasis [126,127], chembprevention 
of cancer [128], and treatment of inherited diseases 
of the skin, such as the ichthyoses [129], depend 
on regulation of epithelial differentiation, [n these 
cases, there is no direct indication that Vitamin A 
deficiency itself is causative in development of the 
disease, although Vitamin A-deHcicncy in 



experimental animals has been clearly shown to 
increase susceptibility to carcinogenesis [123]. 

b. Retinoid Pharmacology in Skin 

Studies of retinoid action on epidermis in both 
humans and animals provide some insight into 
retinoid therapeutics in dermatology. Retinoids can 
have either proliferative or anti-proliferative effects 
in epidermis depending on the initial state of the 
tissue. In normal skin, retinoids are trophic or 
hyperproliferative, leading to increased cell 
turnover and increased thickness of the epidermal 
living layer [130]. An important step in retinoid- 
induced hyperplasia appears to be induction of 
heparin-binding EGF-like growth factor (HB-EGF) 
in the granular layer, one of the differentiated or 
suprabasal layers of epidermis. Expression of a 
dominant negative RAR in the granular layer blocks 
both retinoid-induced hyperplasia and HB-EGF 
expression [131], Experimental models of retinoid 
anti-hyperproliferative effects are also well 
established. For example, retinoids block several 
actions of TPA, including tumor promotion, 
induction of the polyaminc synthetic enzyme 
ornithine decarboxylase (ODC), and an initial phase 
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of TPA-induced hyperproliferation in normal skin 
(132.133], 

Boih the hypeiproL'ferative and anti-proliferative 
effects of retinoids are RAR-specific and insensitive 
to RXR-specific ligands [24). A third major effecr 
of retinoids on epidermis is disorganization and 
increased fragility of the stratum comeum, which is 
the outermost, nonliving layer of epidermis that acts 
as a water permeability barrier for skin [134]. a 
loss of adhesion among the non-living cells or 
comeocytes of the stratum comeum in the hair duct 
is part of the mechanism of topical retinoid therapy 
in acne [135]. Retinoid clearing of ductal blockage 
also occurs in the rhino mouse, a version of the 
hairless mouse which has a grotesque, wrinkled 
appearance due to clogging and swelling of residual 
hair ducts with comeocytes from the surrounding 
ductal epithelium. Clearance of the accumulated 
ductal comeocytes by topical retinoid treatment 
leads to a narrowing of diameter in the residual 
ducts and smoothening of the rhino mouse skin 
[136). 

(i) Psoriasis 

Psoriasis is a polygenic disorder with a complex 
pathophysiology, involving both the skin and the 
immune system (126,137). The salient features of 
the psoriatic plaque arc epidermal scaling and vastly 
increased thickness of the living epidermis resulting 
from hyperproliferation of epidermal keratinocytes. 
Epidermal differentiation is also markedly affected, 
and the granular layer of the epidermis is generally 
absent. Injury to the skin induces a large number of 
genes also highly expressed in psoriatic epidermis, 
suggesting close phenotypic parallels between the 

n?i typCS 0f e P idermal hyperproliferation 
U27J38]. The psoriatic plaque is also severely 
inflamed due to epidermal and dermal infiltration of 
granulocytes, macrophages, and T cells [139]. The 

m nI^ (ion b y T ' cells ( CD4 * in ih* <termis and 
CD8 in the epidermis), suggests an auto-immune 
component in the disease, and immunosuppressive 
therapy with cyclosporin is indeed very effective in 
controlling psoriasis [140]. More recently, it has 
oeen shown that either blockage of the IL-2 
receptor or inhibition of the T-cell co-stimulatory 
molecule CTLA-4 can reverse the symptoms of 
Psoriasis [141 J. Although the most severe forms of 
Psoriasis involve a large percentage of the body 
surtace area, the disease is generally localized in 
E Cte 7 la S ues ' with an obvious border between 
hnt /k and - uninv <>lved skin. These daca suggest 
aauhe putative T-cell targets in psoriasis are much 

I2£.W y ^ pr " $ed in ^Proliferative than in 
normal skin. Significantly, psorfasis can be induced 



Quwirpraina ft at. 

in susceptible individuals by injury to skin [142] 
(the Koebner effect), an observation which also 
suggests that some cases of psoriasis involve T-celJ 
reaction to antigens expressed only in 
hypeiproliferative epidermis and skin. 

Both topical and systemic retinoids are used 
clinically to treat psoriasis. Etretinate was first 
introduced [143] followed by its free acid, acicretin 
as oral therapy (144). TTNPB 10, a highly potent 
KAR agonist, was very effective in clinical trials 
[145], but was not developed further because of 
associated toxicity. 13-cis RA is also used for 
pustular psoriasis, in which there is widespread, 
acute, epidermal accumulation of granulocytes 
[146J. Oral retinoids are rated second only to UV 
based therapies such as Goeckerman and PUVa for 
long term maintenance of remission and are 
superior to cyclosporin in this respect. Among 
topical therapies, the RAR-£ >Y -seIective agonist 
tazarotene is effective in the treatment of plaque 
psoriasis and provides a prolonged maintenance of 
therapeutic effect. Topical steroids are very 
effective as psoriasis therapy in the short term, but 
their use is limited because of skin thinning and 
skin atrophy following prolonged application and 
also because of the rapid relapse that often follows 
cessation of therapy [3]. 

A detailed study of oral etretinate action in 
psoriasis shows that altered keratinocyte 
differentiation, inhibition of cell proliferation, and 
depression of T-cell infiltration all take place to a 
significant level as a result of drug treatment [127] 
Other effects include down-regulation of the 
inflammatory markers HLA-DR and ICAM-1, as 

rlSi Iff r L bed f0r c °P icall y a PP!ied tazarotene 
Mechanistic studies suggest retinoids have a 
direct effect on cell proliferation. In particular 
tazarotene has been shown to induce a growth 
inhibitory gene, TIG-3, both in treated lesional . 
epidermis and in cultured human keratinocytes \ 
1147J. in addition, retinoids inhibit a number of 
genes turned on as a result of changes in epidermal 
hyperproliferation. These genes appear to be a part 
of the altered differentiation phenotype associated 
with rapidly proliferating epidermis and have been 
E™"* of "regenerative maturation" 

U*,u/,138j. Many of these markers are also 
highly inducible during differentiation of 
keratinocyte cultures and are inhibited by tazarotene 
or ATRA suggesting that retinoid inhibition of 
markers in keratinocyte culture may have predictive 
value for identification of retinoids effective in 
psoriasis [16,22,148]. 
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HLA-DR and ICaM-1 are induced by 
iruerferon-Y are involved in immune activation 
or T-cell recruitment, and their inhibition within 
two weeks of either topical or oral retinoid 
treatment suggests that the T- and inflammatory-cell 
migration to the skin may be rapidly down- 
regulated after retinoid treatment [126,127]. The 
infiltration of CD! lb positive cells, which include 
granulocytes and monocytes, is suppressed by oral 
acitretin and by iiarozole, an inhibitor of P450- 
mediated ATRA breakdown in vivo, that has also 
"^ successfully in the treatment of psoriasis 
[149,150]. In addition, etretinate therapy is 
associated with decreased numbers of CD8* and 
CD3 T-cells in both the epidermis and dermis, 
demonstrating that there is a reduction in T-cell 
trafficking [127]. Although retinoids are not anti- 
inflammatory agents in the global sense of 
corticosteroids, several studies show thar they 
inhibit neutrophil and macrophage influx into 
normal skin. A particularly remarkable finding is 
that migration of these cells through tape-stripped 
epidermis (in which the outer barrier layer or 
stratum corneum is removed) is >90% inhibited in 
skin of male subjects tested following a two-month 
course of 13-cis RA for acne [151]. These data 
suggest thar changes in gene expression in 
epidermis or in skin-specific cell-surface adhesion 
proteins on the neutrophils themselves may have a 
major effect on accumulation of these inflammatory 
cells in skin. Additional studies report that both oral 
etretinate and topical retinoids inhibit neutrophil 
accumulation in epidermis in response to 
leukotriene B* [152,153]. In addition, retinoids 
inhibit the expression of inducible nitric oxide 
synthesis and other selected inflammatory 
mediators [15^1]. 

Based on these and other findings, several 
retinoids have been tested in animal models of 
arthritis with decidedly mixed but somewhat 
encouraging results. Whereas 13-cis RA is effective 
in adjuvant-induced rat arthritis, it significantly 
exacerbates collagen-induced arthritis in rat 
[155,156], Other synthetic retinoids have been used 
successfully to ameliorate collagen-induced arthritis 
in rat (157]. Receptor-specific retinoids may have a 
future as anti-inflammatory agents if pro-arthritic or 
pro-inflammatory activities can be eliminated. 

(ii) Acne 

Acne is a disease of the hair follicle and its 
associated appendage, the sebaceous gland. The 
sebaceous gland produces sebum, a mixture of 
upids that is secreted through the hair duct onto 
skin. Sebum production first becomes significant 



early stages of £bS"2? ***** «W «he 
sebum ^^^^^.^ 
inflammatory acne devSn 8 t Ml,d ' non ' 
becomes plugged d ue ?n P 85 the hair ducl 
^VWxtoJteJu^x production and 
shaff trapping Se ik ,,S ^ Jine * e hair 

sou rce for hi reS " * IS ° a nUtrient 

populate the duct fns) p , bc « in 10 
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s^ceptibduy to the disease [158]. TteSSSS 
gland expresses high levels of both androgen 
receptor and the enzyme 5a -reductase which 
SEE? l f St0Sl r° n ; and ocher androgens to h gh 

fSfiwi! 1 the andr ° 8 n rccep * r 

The mechanisms of action of topical and oral 
retinoids overlap but also demonstrate one very 
significant difference: only the orally administered 
retinoid 13-cis RA effectively blocks sebum 
secretion and treats noculocyscic acne. Both classes 
of retinoids reduce accumulation of the cornified 
epithelial cells lining the hair duct by reducing 
cohesion among the cuuieucytei of (he ctead layer 
in an analogous manner to events in the epidermal 
stratum corneum following topical retinoid 
treatment (9], and this is effective for the milder 
acne vulgaris. Because turnover of the ductal 
epithelial cells is higher in acne than in normal 
follicles [161J. the anri-hyperproliferative effects of 
topical retinoids may be helpful. The unique effects 
of oral 13-cis RA on the sebaceous gland itself 
include hypoplasia, reduced thymidine 
incorporation into basal cells, and a switch in the 
cell population from a majority of differentiated 
cells-producing and storing sebum in large 
droplets-to an increased proportion of basal 
undifferentiated cells [162). These changes lead to 
-85% reduction in sebum accumulation at the 
"surface of the skin within two weeks and to 
significant clearing of acne within 8 weeks [1,163]. 
Importantly, the therapeutic effect continues and 
even improves after the cessation of treatment even 
though, during this time, normal or near normal 
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• sebum production is restored. The data suggest that 
the presence of high levels of sebum contribute to 
acne pathogenesis but that sebum itself doses not 
directly cause acne. By drastically reducing sebum 
levels, the acne lesion is able to heal and thus 
normal sebum production can be tolerated The 
well-established long-term benefits of 13-cis RA 
treatment [5] may also result from fundamental 
changes to the pilosebaceous structure, but the 
nature of these changes remain speculative. What is 
remarkable, however, is that other retinoids tested 
orally, such as etretinate, 9-cis RA and ATRA, 
neither reduce sebum secretion nor improve 
nodulocystic acne to a significant extent [164 J65) 

even though these retinoids, ac the same doses are 
therapeutically effective in other diseases. These 
data strongly implicate inhibition of sebum 
secretion as an essential step in systemic retinoid 
therapy for nodulocystic acne [163.164]. 

ATRA, adapalene, and tazarotene are all used 
clinically as topical anti-acne agents. Their relative 
potencies have been compared according to 
concentration of topical retinoid causing an 80% 
inhibition of TPA-inducible ODC activity j n mouse 
epidermis (see Table 4). Tazarotene is about I 5 ~ 2 
fold more potent than ATRA, which in turn is about 
20 fold more potent than adapalenc. For topical 
treatment of acne v 0.1% adapalene appeared to be 
superior to .025% ATRA [166,167]. The basis of 
the greater efficacy and tolerability of adapalene 
relative to ATRA has been suggested to be its 
relauve selectivity for binding and transaction of 
RAR-p and RAR-y in comparison to RAR-a It is 
not clear how this change brings an improvement in 
acne therapy since RAR-y appears to be primarily 
responsible for skin irritation [42]. 

(Hi) Reversal of pkotoaging 

A-,5 I l 8ma ?-i5 rst 2 U28C$ted in 1986 < hal c °P ic *l 
ATRA could be effective in reversing the effects of 

ul^^T agin S <P hof oaging) of skin 
[168]. ATRA produces a thickening of the 
cpidama and an overall improvement in epidermal 
histology as well as trophic effects on dermal 
fibroblasts, including new collagen deposition [61. 
Extensive clinical trials have shown that outward 
signs of photoagmg, such as fine wrinkling of the 
skin, are also reversed during prolonged therapy 
(>6 months) [169], and a topical ATRA cream 
(Kenova or Retinova) has been approved for 
treatment of photoaging. Trophic effects, such as 
epidermal hyperplasia [131] and increased 
synthesis of dermal extracellular matrix proteins 
such as collagen and elastin [170] may bring about 
™e gradual remodeling of the damage produced by 
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UvS UC< ? P - h0l0agin 8- The P ro bable nature of 
SS 1 "^ T? 1 . * aPPrec^ted from detailed 
studies of the imCial biochemical events following 
UV exposure to human epidermis. Stromelysin 
geiannase. and collagcnase as well as the regulatory 
protems AP-i an d NF-kB are induced within 15 
minutes to 24 hours f 171]. These data are 
consistent with known effects of UV light in 
cultured cells and with the observation that 
nreaicaown and disorganization of extracellular 
mamx is characteristic of photoaged skin. Retinoids 
are well-characterized inhibitors of AP-1 activity 
and prctreatment of UV-treated skin reduces AP-1 
binding to DNA as well as the UV-induced 
expression of collagenase and gelatinase f 171 1 The 
concept that retinoic acid levels may be 
physiologically important in the control of 
p o '° v a B W 15 supported by (he finding mat levels 
• IT*™ and RAR -y P r °«an and mRNA (along 
with ATRA-mediated inhibition of gene expression) 
are sharply reduced after UV treatment. ATRA 
pretreatment of skin prevents the destruction of 
receptor protein by UV light (172). 

c. Cancer Therapy 

Characterization of receptor-specific retinoids 
and an appreciation of the potential of combination 
therapies with other nuclear receptor ligands has 
produced some notable advances in the area of 
retinoids and cancer since an earlier review [173] 
Acute promyelocyte leukemia (APL) is a rare 
disease that is characterized by a reciprocal 
chromosomal translocation between the RAR-a 
(chromosome 17) and PML (chromosome 15) 
genes [174]. Expression of the mutant PML-RAR- 
a fusion protein acts as a dominant negative 
inhibitor of retinoid signaling by recruiting the 
negative co-activators N-CoR and SMRT along 
with h.stone de-acetylase [175], preventing the 
differentiation of the APL cell that might normally 
occur in the presence of endogenous ATRA. ATRA 
therapy has been successful in inducing remission 
in APL patients along with supportive 
chemotherapy [176], presumably by overcoming 
the negative effects of PML- RAR-a with 
supraphysiological concentrations of retinoid 
ligand. However, this therapy is somewhat limited 
by the toxic effects of ATRA and the development 
of drug resistance in some patients due to 
autoinduction of drug metabolism [177]. The RAR- 
a selective synthetic retinoid Am 80 (42) has been 
used successfully in inducing complete remission in 
^ P^nts who have failed on ATRA therapy 
[1/8]. The apparent critical involvement of RAR-a 
m lymphoid and hematopoietic differentiation 
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Tigarritt of Retinoid Rtcrpiart * * 

suggests a beneficial role for RAR-ct specific 
agonists in other leukemias as well (179]. .The 
levels of RAR-a are higher in estrogen receptor 
(ER)-positive breast cancer cell lines than in ER- 
negative cell lines and tumors [180.181J. Retinoids 
that bind to RAR-cc have a growth inhibitory effect 
on the ER-positive MCF-7 breast cancer cells 
[182]. The ER-negative SKBR-3 cells, however 
express high levels of RAR-a protein and respond 
10 RAR-a selective retinoids (183] in the same 
manner as the ER-positive MCF-7 breast cancer 
cells, suggesting that RAR-a selective retinoids 
offer significant advantages in ER-negative tumors 
which are not sensitive to conventional anticstroeen 
treatment. 

Recent studies have also demonstrated that a 
combination of ATRA and ligands for PPAR-y can 
induce apoptosis and suppress expression of bcI-2 
in breast cancer cell lines in vitro and in mouse 
xenograft to a much greater extent than ligands for 
either receptor alone [184]. ATRA and certain 
Vitamin D3 analogues have also been found to have 
synergistic effects in regulation of the growth of the 
prostate cancer cell line. LNCaP (185]. The 
mechanisms and receptor seiectivities of these 
retinoid effects remain to be explored but these 
findings suggest that non-cytotoxic hormone 
receptor therapy has the potential for wider 
application in cancer. 

Retinoids are among the most widely studied 
cancer chemopre vend ve agents (128J and ATRA is 
the best-studied inhibitor of TPA-mediated tumor 
promotion in skin (133]. Both experimental studies 
and observations on the natural course of tumor 
DA V D°J >ment in human su Sgc«t that activation of 
RAR-p could be an important pathway by which 
retinoids inhibit cancer cell growth or progression 
For example, loss of RAR-0 expression is 
implicated in hepatocarcinogenesis (1861. oral 

1 1 88 J. Isotretinoin (4). has been used successfully 
»n the treatment of oral • leukoplakia with 
concomitant restoration of normal RAR-B 
expression (187] and also as a chemopreventive 
agent for second tumors in head and neck cancers 
14J. Experimental studies show that loss of RAR-B 
f??^ ,0n * associat ed with loss of growth control 
[44.45], and therefore RAR-0 may act as a tumor 
suppressor in the presence of ligand. For these 
reasons targeting of RAR-B may be useful both for 
cancer therapy and cancer chemoprevenuon . 

RXR-specific retinoids may also have a place in 
cancer chemotherapy. LGD 1069 (8) can cause 
complete regression of mouse mammary tumors 
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Retinoids can enhance lung alveolus fonnation 

Massive vT, de?S in Very P rema ' ur * 
Massive Vitamin A supplementation has been 

shown to reduce ihe chances of chronic lun* 

disease in extemely-low-birthweight infants to I 

extent ffoTw^ ^ smi ^y significant 
extent [191]. Under circumstances where lun P 
development is experimentally impeded in 
dexamethasone-ireated newborn rats, ATRA is able 
to improve gas exchange through the lungs and 
increase the overall formation of alveoli (1921 A 
similar beneficial effect was observed in elastase- 
induced emphysema in the rat, in which several 
parameters of lung function, including total alveolar 
surface area, were significantly improved by 
subsequent daily injections of ATRA [193]. 

e. Vascular Effects of Retinoids 

Retinoids both promote and inhibit angiogenesis 
depending on the system tested {194,195}. In the 
chorioallantoic membrane of the chick embryo, 
several RAR-specific retinoids, including Am 580 
and Am 80, prevented ongoing vascularization 
when implanted in polymeric pellets [194]. On the 
other hand, ATRA can enhance the formation of 
capillary-like structures (a component step of 
angiogenesis) from microvascular endothelial cells 
cultured on matrices of crosslinked human fibrin 
[J 95]. The exact mechanisms and receptor 
specificities involved are not known. In addition, 
retinoids inhibit the growth of vascular smooth 
muscle cells [196,197]. and studies in the rat show 




Fax en is par : 33 1 47567388 



L OREAL 



25/86/82 



■ SO Currtai PkannacMtitcd Dnign, 200d v9m So, ► 

that the vascular complications of coronary 
angioplasty, in which overgrowth of smooth 
muscle cells may occur, can be partially overcome 
by ATRA treatment, increasing vascular patency 
compared to controls [198]. These experimental 
systems will be useful for characterization of novel 
receptor and function selective retinoids. 

f. Diabetes and Metabolic Disease 

KUewer and co-workers [32j first reported that 
thiazolidinediones (TZDs), which lower blood 
glucose in animal models of Type 2 diabetes, also 
bind the nuclear receptor PPARy. 
Heterodimerization with RXR is required for 
PPARy activity [199] and the hypothesis that RXR- 
specific compounds would have similar properties 
to the TZDs in Type 2 diabetes was subsequently 
established [7]. Type 2 or adult-onset diabetes is a 
progressive metabolic disease in which liver, 
muscle, and fat, the major tissues involved in 
regulation of blood glucose by insulin, become 
increasingly resistant to its action [200]. Blood 
glucose levels are elevated when the pancreatic f$- 
cells in the islet of Langerhans become incapable of 
releasing the increased insulin required to 
compensate for peripheral insulin resistance. Scrum 
lipids, including circulating triglycerides, are 
generally elevated as well. The consequences of 
extreme blood glucose elevation can be diabetic 
ketosis and death. Milder but nonetheless 
pathologic elevations in the range of 150 to 400 
mg/dl glucose (normal fasting glucose levels are 
considered to be below 120 mg/dl) progressively 
disnipt microcirculation in kidney and retina 
through relatively nonspecific glycation of 
extracellular matrix proteins. Aggressive 
maintenance of blood glucose levels at near normal 
levels by insulin or other therapies is strongly 
correlated to a reduction in these toxic effects [201 J. 

LG268, the most widely investigated RXR* 
specific ligand. has several beneficial effects in 
animal models of diabetes. In addition to lowering 
blood glucose levels in db/db mice, which are 
obese and diabetic due to a mutation in the leptin 
receptor [7], LG268 also slows the destruction of 
pancreatic (3-celIs which otherwise proceeds very 
rapidly [8]. The basis of RXR action in diabetes is 
not well understood and most effects described to 
date have been based on studies of TZDs such as 
BRL 49653 and troglitazone. Like the TZDs, RXR- 
specific retinoids may also increase insulin 
sensitivity. This is consistent with improved 
glucose tolerance (the rate at which an exogenous 
bolus of glucoss i$ removed from the circulation) 
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and by a lowering of serum insulin levels 
simultaneously with blood glucose, suggesting that 
the diabetic animal is more insulin responsive [7,8] 
In cell culture, RXR-specific retinoids as well' as 
TZDs induce differentiation of cultured 3T3-L1 
cells, a pre-adipocyte or fibroblast cell line, into 
heavily fat-laden adipocytes [115). If pre-treated 
with tumor necrosis factor-a, the 3T3-L1 cell 
becomes resistant to the acute stimulation of 
tyrosine phosphorylation by insulin. In this model 
of insulin resistance, both TZDs and LG 268 
partially reverse the loss of sensitivity of insulin 
receptor to insulin as measured by tyrosine 
phosphorylation of specific downstream substrates 
[202]. Some potential therapeutic effects of RXR 
hgands may not necessarily be mediated by the 
RXR/PPAR-Y heterodimer. For example, 
intracellular accumulation of fatty acids has been 
proposed to contribute ro pancreatic 0-cell failure. 
Isolated pancreatic islets (containing the fkcells) 
respond to 9-cis RA and clofibrate, a PPAR-a 
ligand, by inducing both overall fatty acid oxidation 
and the related enzymes acyl-CoA oxidase and 
carnitine paimitoyl transferase I, suggesting that 
RXR Jigands may directly contribute to protection 
of the p-cell [203]. The RXR ligand AGN 191701 
(119) induces acyl-CoA Oxidase in rat liver [261 
and fatty oxidation is elevated by LG 268 but not 
the PPAR-y agonists BRL 49653 or GW1929 in 
homogenates of liver in treated db/db mice [8], 
consistent with the findings in pancreas. RXR 
Jigands also reverse diabetic dyslipidemia in db/db 
mice, and serum triglycerides in the diabetic 
animals are significantly lower than controls with 
ongoing treatment, although in one report it 
appeared that LG 268 was less effective than 

X V^' y UgandS for ttlis rcs P<>nse f8J. increased 
RXR hgand-inducible liver oxidation of free fatty 
acids may have a role in the reported triglyceride 
lowering. 




PY?& ?ll f metabolic disease indications for 
RXR hgands tnclude treatment of polycystic ovary 
syndrome by reversal of insulin resfgwnce. ll 



Fax en is par : 33 1 47567388 
Fax re*u de : 33 0493957878 



L OREAL 
GALDEPttfl R/D 



25/86/82 17:57 Pg: 28/35 
25/86/82 17:82 Pg: 13 



U$dMnb of Retinoid Receptors „ * 

polycystic ovary syndrome, hyperinsulinemia leads 
to elevated androgen production in the ovary: other 
forms of diabetic therapy, such as metformin or the 
TZD troglitazone, reverse the hyperandrogenism as 
the insulin resistance is reduced, and presumably an 
RXR-specific retinoid can act similarly f204]. 



5. SIDE EFFECTS OF RETINOID 
THERAPY 

Therapeutic retinoids have a number of well 
documented side effects, including irritation of 
mucous membranes and skin (mucocutaneous 
toxicity), elevation of serum triglycerides 
(hypertriglyceridemia), headache, central 
hypothyroidism, and with longer-term treatment, 
joint pain, and modifications to bone including both 
ossification and osteoporosis. Both animal studies 
and clinical testing with RAR and RXR selective 
compounds have provided some information on the 
receptor subtypes responsible. The most rapid in 
onset and most universally reported of retinoid side 
effects is mucocutaneous toxicity, in which skin 
and mucous membranes (especially lips) become 
dry, flaky, sensitive and irritated [9). Both topical 
and systemic retinoids have this effect. In the case 
of topical retinoids, initial speculation concerned the 
possibility that the amphipathic character of ATRA, 
like common irritants such as the detergent sodium 
lauryl sulfate, could be responsible for the irritation 
[205]. Retinoid-induced cutaneous irritation in 
mouse is completely blocked by the RAR-specific 
antagonist AGN 193109 and can be produced by a 
very low concentration (0.0003%) of the potent 
retinoid agonist TTNPB, clearly demonstrating chat 
the effect is receptor-mediated [10]. Since retinoid 
topical irritation is unaffected by an RARa-specific 
antagonist in mouse [43], and since RARfS is not 
expressed in epidermis (42], it appears that RARy 
is the critical target for retinoid topical irritation. 
These findings indicate that an RAR-a agonist 
would be devoid of mucocutaneous toxicity if used 
for a clinical indication. 

Serum hypertriglyceridemia in the rat can be 
induced by RAR-specific retinoids (101. In human, 
monitoring of senim triglycerides during early 
stages of retinoid treatment is vital since some 
patients may experience significant elevation (>400 
mg/dl) (146). TTNPB 10 appears not to elevate 
triglycerides in human, but dose limitation due to 
other toxicities may explain the apparent absence of . 
a TTNPB effect [10,145], Other changes in 
lipoprotein profiles have been reported with 13 cis 
RA, including increases in serum cholesterol and 
LDL [206,207], but hypertriglyceridemia is 
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K' 11 ' wh /<* «s strongly associated with 
nsk of cardiovascular disease, is markedly reduced 
in acne patients following 30 days of 13-cis RA 
therapy [207], suggesting that the balance of 
changes in hpid profile for most patients will not 
necessarily increase the risk of cardiovascular 
disease. 

Several mechanisms have been proposed to 
account for retinoid-induced serum triglyceride 
elevation. An obvious retinoid target is lipoprotein 
lipase (LPL), which is bound on the surface of 
endothelial cells, primarily in muscle and fat, and 
releases fatty acids from the lipoprotein-bound 
triglycerides for uptake into the surrounding tissue. 
LPL inhibition therefore has the effect of slowing 
the removal of lipoprotein-bound triglycerides from 
serum. An early study reported no change in total 
endothelial surface LPL (following intravenous 
injection of heparin which releases LPL from its 
cell surface anchor) in human patients treated with 
13-cis RA [206]. A second human study reported 
that clearance of injected triglycerides was reduced 
by 13-cis RA treatment as would be expected, and 
that total LPL activiry from muscle biopsies was 
also decreased [210]. 13-cis RA treatment of rats 
also inhibits LPL activity [211]. Serum 
triglycerides may also be elevated as a result of 
changes in the protein composition of the 
chylomicrons and the circulating lipoprotein, very 
low density lipoprotein (VLDL). which are the 
primary carriers of triglycerides in serum. In 
humans, 13-cis RA induces expression of apo- 
ClII, which is incorporated into chylomicrons and 
VLDL and can prolong the half-life of the two 
lipoproteins in the circulation [212]. ATRA induces 
expression apo-CHI mRNA in the intestine of the 
Vitamin A-deficient rat, presumably increasing apo- 
Cll! in chylomicrons [213], Other work suggests 
that induction of apo-CIIf is primarily RXR- 
mediated in liver cell cultures [212]. These data 
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may help to explain why the RaR and RXR active 
retinoid 9-cis RA has a more substantial effect on 
triglyceride elevation than RAR-seleciive retinoids 
alone. 

The effects of retinoids on embryonic bone 
development have been studied in depth [214] 
Retinoids accelerate fetal chondrocyte 
differentiation both in culture and during 
development. This action most likely underlies the 
extensive skeletal and craniofacial defects 
associated with retinoid embryotoxicity in humans 
Premature closure of the bone end plate 
(endochondral ossification) can stunt the growth 
of children taking retinoids chronically for inherited 
disorders of epidermal differentiation and has been 
shown to be RAR-dependent in guinea pigs [215]. 
In adult, both the formation of bony spurs and 
osteoporosis are reported: generally these effects 
are only observed in patients treated at high doses 
for more than one year [216]. 

A previously unappreciated effect of RXR 
ligands is central hypothyroidism. Very high doses 
of LG 1069 were recently shown to lower serum 
T 3 and T 4 by about 50%, producing mild 
symptoms of hypothyroidism [12]. At the same 
time, TSH (thyroid-stimulating hormone) levels are 
depressed as much as 40 fold, indicating that RXR 
ligands have a central effect on the pituitary gland 
rather than a peripheral effect on the thyroid. 
Inhibition of TSH production by T 3 is the 
physiological feedback loop that controls thyroid 
function, and, based on studies of isolated pituitary 
cells, appears to require expression of RXRy within 
the TSH-producing cells of the pituitary (the 
pituitary thyrotropes) [46]. Since hypothyroidism is 
only observed with very high doses of LG 1069 
[12], it is possible that RXR-induced 
hypothyroidism could be relatively uncommon in 
general medical usage of these compounds. 

6. CONCLUSION 

Retinoid medicinal chemistry has become a 
vastly more powerful and diverse area of research 
since the synthesis of receptor selective agonists 
and antagonists began in earnest. Although more 
work will be required to find both agonists and 
antagonists for RAR-J3, RAR-y, and the RXR 
, subtypes, it is clear from work with RXR agonists 
| and RAR inverse agonists that entirely new 
r therapeutic areas and approaches are becoming 
[accessible which could not have been imagined as 
| recently as five years ago. 
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LIST OF 

ATRA = 
TR 

T2D = 
AF-1 = 
AF-2 = 
HAT 

HMG-1 = 
TTNPB = 

TPA . =z 



ODC 
SAR 
MRP-S 



ABBREVIATIONS 

All trans retinoic acid 

Thyroid receptor 

Thiazolidinedione 

Activation function -1 

Activation function -2 

Histone Acetyl transferase 

High mobility group protein -1 

((E)-4-(2-(5 ( 6,7,S-tetrahydrr> 
5,5,8,8-tetramethyl-2-naphthelenyl)- 
propen-lyl) benzoic acid 

12-O-tetradecarioyl phorbol-13- 
acetate 

Ornithine decarboxylase 

Stnicrure-activity relationship 

Migratory inhibitory factor-related 
protein 8 



NFIL-6 = Nuclear factor-interleulDn-6 

HB-EGF= Heparin-binding epidermal growth 
factor 

ER = Estrogen receptor 
LPL = Lipoprotein lipase 
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